Adaptive optic (AO) systems delivering high levels of wavefront correction are now common at observatories. One of the main limitations to image quality after wavefront correction comes from atmospheric refraction. An Atmospheric dispersion compensator (ADC) is employed to correct for atmospheric refraction. The correction is applied based on a look-up table consisting of dispersion values as a function of telescope elevation angle. The look-up table based correction of atmospheric dispersion results in imperfect compensation leading to the presence of residual dispersion in the point-spread function (PSF) and is insufficient when sub-milliarcsecond precision is required. The presence of residual dispersion can limit the achievable contrast while employing high-performance coronagraphs or can compromise high-precision astrometric measurements. In this paper, we present the first on-sky closed-loop correction of atmospheric dispersion by directly using science path images. The concept behind the measurement of dispersion utilizes the chromatic scaling of focal plane speckles. An adaptive speckle grid generated with a deformable mirror (DM) that has a sufficiently large number of actuators is used to accurately measure the residual dispersion and subsequently correct it by driving the ADC. We have demonstrated with the Subaru Coronagraphic Extreme AO (SCExAO) system on-sky closed-loop correction of residual dispersion to < 1 mas across H-band. This work will aid in the direct detection of habitable exoplanets with upcoming extremely large telescopes (ELTs) and also provide a diagnostic tool to test the performance of instruments which require sub-milliarcsecond correction.
INTRODUCTION
The current high-contrast imaging instruments on 8 − 10 m class telescopes are only able to image young Jupiter mass exoplanets at wide separation (> 0.1 arcsec) (Marois et al. 2008; Wagner et al. 2016 ). Upcoming extremely large telescopes (ELTs) may be able to image closer-in habitable exoplanets around M-type stars using the reflected light, with a contrast of 10 −7 at 2λ/D. To achieve high-contrast, ELTs will face new limitations (such as low order aberrations) that are not dominant terms in current smaller telescopes. Chromatic effects will significantly impact the performance of adaptive optics (AO), especially for high-Strehl ratio performance where closed-loop correction of atmospheric dispersion is required (Devaney et al. 2008) . In this paper, we address these short comings faced by ground-based high-contrast instruments, the residual atmospheric dispersion.
Atmospheric turbulence is one of the major limiting factors for the detection of exoplanets with ground-based telescopes. It limits the achievable contrast of highcontrast imagers and precise astrometric measurements. Apart from turbulence, the Earth's atmosphere is also responsible for other wavefront errors. One of them is a result of atmospheric refraction, a chromatic variation of the refractive index of the air, creating a chromatic aberration that manifests as an elongation of the PSF. AO systems employ compensating refractive optics known as Atmospheric dispersion compensator (ADC) to correct for atmospheric refraction (Allen 1997 ). The correction is applied based on the atmospheric dispersion model calculated for a telescope site by using standard input parameters (temperature, pressure and humidity). More details about this calculation are described in section 2.
Besides affecting the Strehl ratio of the PSF, residual atmospheric dispersion also limits the ability to accurately characterize a target astrometrically. Artificial satellite speckles can be used for astrometric and photometric calibration of saturated PSF or coronagraphic images (Sivaramakrishnan & Oppenheimer 2006; Jovanovic et al. 2015b ). The use of satellite speckles for astrometry in broadband light is challenging due to the presence of residual dispersion, which introduces color based astrometric errors (Wertz et al. 2016) . The Gemini planet imager (GPI) astrometric accuracy requirement was set to be 1 mas, which was not achieved on-sky due to ADC alignment errors (Hibon et al. 2014) . The astrometric error budget for the Thirty Meter Telescope (TMT) has been set to be < 2 mas (H-band) (Schöck et al. 2014) and for the ADC of the Infrared Imaging Spectrograph (IRIS), the residual dispersion needs to be < 1 mas across a given passband (Phillips et al. 2016 sented here will show that these requirements are difficult to achieve on-sky even with 8-10 m class telescopes by employing just a look-up table based correction of dispersion.
In addition to calibration, residual dispersion also affects the performance of low inner working angle (IWA) coronagraphs. This effect arises from the fact that an elongated PSF will result in stellar leakage around the coronagraphic focal plane mask and reduce the achievable contrasts for the imager. As such, GPI set a residual dispersion limit for coronagraphy of < 5 mas, while the Subaru Coronagraphic Extreme Adaptive Optics (SCExAO) instrument set a requirement of < 1 mas in H-band. The motivation behind the low residual dispersion requirement for SCExAO is to reach high contrast at small angular separation. The contrast in that region is limited by stellar angular size and residual loworder aberrations. The angular stellar size is typically around 1 mas, this sets a limit on the performance of small IWA coronagraphs. The aim is then to keep all other sources of leakage -e.g. tip-tilt, low-order modes, residual dispersion-smaller than 1 mas. Even if this value is not reached, the precision of the sensors has to be better than 1 mas to allow for post-processing calibration.
In this work, we show that, for a very precise correction of dispersion, it is important to measure and correct it in the final science image rather than rely on the theoretical calculation solely. We present on-sky closedloop measurement and correction of atmospheric dispersion using the science image itself based on the technique presented in Pathak et al. (2016) . Here, we demonstrate that by using an adaptive speckle grid, generated by a DM that has a sufficiently large number of actuators, we can accurately measure the residual atmospheric dispersion and subsequently correct it in a closed-loop manner. In section 2 we briefly describe existing theoretical models used for the calculation of the atmospheric dispersion, section 4 shows the on-sky measurement of the residual dispersion and its closed-loop correction. We close the paper with some concluding statements extrapolating to ELTs.
ATMOSPHERIC DISPERSION
The calculation of the atmospheric dispersion involves evaluating angular refraction for different telescope pointing positions (zenith angles) at numerous wavelengths (Young 2006) . The commercial design software ZEMAX, which is widely used to design and simulate optical systems, provides a built-in model for calculating the atmospheric dispersion. The ZEMAX model is also utilized by the Subaru Telescope ADC, which was used throughout this work (Egner et al. 2010) . To read more about the ZEMAX model, please refer to Spanò (2014) , which presents a careful comparison of the available ZEMAX model with other ones to assess its intrinsic accuracy.
Theoretical models currently used for atmospheric dispersion correction are indeed precise enough for the requirements stipulated above, however, these models are limited by the precision of the environmental parameters that are input into them. As an example, the atmospheric dispersion in H-band for the Maunakea site (T=270K, P=614 mbar, RH=48%, CO 2 =400 ppm) at a telescope elevation of 60
• is 16.59 mas and it changes by 0.06 mas for a 1 K change and 0.6 mas for a 10% change in RH. For the ADC correction based on a lookup table, a change in temperature and RH can over-or under-compensate atmospheric dispersion. In this work we show the presence of residual dispersion after correction using the current look-up table model. The reasons for the presence of residual dispersion are not well understood, but since the current model does not account for varying humidity and temperature, it must be one significant limitation.
The aim of this work is not to go into the details of the theoretical modeling of atmospheric dispersion, but to present a technique that measures the presence of residual dispersion in the science image after a look-up table based correction is initially administered, and apply a finer correction to the residual dispersion in closed-loop by driving the ADC.
MEASURING RESIDUAL DISPERSION
The measurement of residual dispersion in the final science path image uses the chromatic scaling of focal plane speckles. Due to the wavelength dependence of speckles, in the absence of dispersion in the PSF, speckles radiate from (or point towards) the PSF core. We call this point the radiation center (see Fig. 2 (a) of Pathak et al. (2016) ). In the presence of dispersion in the PSF, speckles point away from the PSF and the radiation center moves away from the PSF core (see Fig. 2 (b) of Pathak et al. (2016) ). The presence of dispersion in the PSF was measured by establishing an empirical relationship between the deviation of the radiation center from the PSF core and presence of dispersion in the PSF. The measurement of the location of the radiation center involves the following steps:
• Measuring the location of the PSF core and then removing it from the image.
• Carrying out a raster scan around the PSF core to minimize the norm of the difference between original and stretched images (stretched image is a radially stretched copy of the original image from the point of the raster scan).
The minimum of that norm provides a high-precision measurement of the radiation center. For a full description of the method, see Pathak et al. (2016) . The concept explained above measures the on-sky residual dispersion r on−sky in the PSF, which can be expressed as a sum of dispersion from various sources, decomposed as:
where, d on−sky is the dispersion from the atmosphere and the internal optics ( d on−sky = s atmosphere + d internal optics ), a ADC is the ADC dispersion vector to compensate for atmospheric dispersion. The only constant in Equation 1 is d internal optics , while the other terms are varying in time.
The control architecture behind the measurement and correction of dispersion is shown in Figure 1 . The control loop is a simple integrator control driven by a gain g I , θ 1 θ 2 r(r x , r y ) δθ 2 r is measured residual dispersion. δθ1 & δθ2 are offset angles for prism 1 and prism 2.
ADC
LOOK UP which is equivalent to a PID controller with no proportional or derivative gain. In open-loop mode, the look-up table illustrated here is used to calculate the ADC prism angles θ 1 and θ 2 based solely on the elevation of the telescope. These angles are then sent to the ADC to perform an open-loop correction. In closed-loop (the blue arrows in figure 1), the science image is used to measure the residual dispersion r on−sky . The residual dispersion vector measured from the science image is then multiplied by the loop gain g I , such as (2) where n is the loop iteration. The result is then sent to the ADC solver, which computes the ADC prism offsets δθ 1 and δθ 2 from the current position θ 1 and θ 2 , and the command g I × r on−sky . The correction offsets δθ 1 and δθ 2 are then sent to the ADC prisms, which are applied as offsets to the look-up table based correction. For more details about the method used to measure the residual dispersion and to convert that into correction offsets using the ADC solver, see Pathak et al. (2016) . Now that we have established the measurement and correction of residual dispersion, the next section presents on-sky results.
ON-SKY RESULTS
The data was collected using the Subaru Telescope facility AO system, AO188 (Minowa et al. 2010 ) and the high-contrast imager SCExAO. SCExAO receives light from AO188 and utilizes the partially corrected PSF fed by AO188. In closed-loop, AO188 offers Strehl ratios in the H-band between 20%−40% and SCExAO boosts that Strehl ratio to 70% − 90%. The following settings were used for the experiments throughout this body of work:
• The wavefront correction was coming only from AO188, not SCExAO. At the time of the test, due to limitations in the SCExAO control software, the Extreme AO (ExAO) loop and satellite speckles could not be deployed simultaneously using the only DM in SCExAO.
• The focal plane speckles were generated using the DM of SCExAO and positioned at 22.5 λ/D separation from the PSF core, with a 100 nm RMS amplitude. • Science path Images were acquired using the internal near infra-red (NIR) camera in SCExAO (320 × 256 pixels, InGaAs detector) for a bandwidth spanning over y-to H-bands (950 to 1650 nm).
• The measured residual dispersion was corrected by driving the ADC prisms located inside AO188 (Egner et al. 2010 ).
For a full description of the SCExAO instrument and architecture refer to Jovanovic et al. (2015a) .
Closed-loop
The on-sky closed-loop correction of residual dispersion was achieved on the target β Andromedae on the SCExAO engineering night of September 19 th , 2016. For data processing, images were dark subtracted using an averaged dark frame, and the hot pixels were removed. The on-sky loop for measurement of residual dispersion runs at a speed of 10 Hz but the correction loop speed is set by the rotation speed of the AO188 ADC prisms, which is ≈ 4 sec for a 5
• rotation. Here an average of 20 measurements was used to average dispersion due to atmospheric tip-tilt, which is discussed in section 5. The presence of residual dispersion in the final science path images is the sum of the dispersions from the internal optics and the imperfect compensation of the atmospheric dispersion by the ADC. More details about dispersion due to internal optics can be found in the section 4.2. The residual dispersion (elongation in the PSF) from Equation 1 can be written as a vector sum of its x and y components, − → r on−sky = − → r x + − → r y in the focal plane. The closed-loop correction of residual dispersion was tested on-sky with two integrator gains g I , 20 and 50% to validate the closed-loop correction. The vector components of residual dispersion after each iteration of the loop are shown in Fig. 2 . The performance of the closedloop test is analyzed by fitting the data points with an exponential function of the form y = a × exp(−b × x) + c. Exponential functions are adequate for fitting and analyzing performance of data, which reduces as a function of time or iteration (each loop iteration reduces residual dispersion by applied gain < 1.0). The parameters of the fit for both the loop gains are shown in the Table 2 .
The performance of both the loops can be estimated by parameter b and c. The parameter b shows the spead of decrease in the residual dispersion, for loop gains of 20% and 50% it is close to 0.2 (iteration −1 ) and 0.5 (iteration −1 ) respectively, which shows a reduction in the residual dispersion values as a function of applied gain. The loop converges faster for a loop gain of 50% as one would expect. The convergence performance of the loop is given by parameter c, which should be equal to zero for an ideal closed-loop correction. The value of c are smaller for the loop gain of 50% compared to the loop gain of 20%, which shows a better convergence for a loop gain of 50% compared to 20%. This was due to the low number of iterations used for the test. However, the loop converges approximately to the same level of correction for both gains used. Here we demonstrate that in closed-loop we can correct for dispersion coming from the atmosphere as well as from the internal optics.
The result of the closed-loop test is presented with a scatter plot plot in the Figure 3 . Figure 3 shows the residual dispersion vector in the camera plane before and after closing the loop. The data points presented in the scatter plot represent 1000 individual measurements with 50 µsec exposure time. The plot clearly shows that after the loop was closed the average of the residual dispersion was centered around zero dispersion. The average value of atmospheric dispersion went from 26.64 ± 0.07 mas/µm to 0.95±0.08 mas/µm, which corresponds to an average PSF elongation (dispersion) of 7.99±0.02 mas to 0.28±0.02 mas in H-band before and after the correction respectively. In this section we present the result of residual dispersion measurements ( r on−sky in Eq. 1), which are taken with look-up table based correction of the ADC applied. The aim of the experiment is to answer the following goals:
Open-loop Dispersion Measurement
• Analyze the performance of look-up table based ADC correction as a function of telescope elevation and varying atmospheric conditions.
• Estimate the presence of dispersion due to internal optics.
• Understand sources contributing to the presence of residual dispersion in the final science path image and how frequently dispersion needs to be corrected.
The on-sky measurement of residual atmospheric dispersion was performed on the target β Andromedae on a SCExAO engineering night on September 19 th , 2016. Figure 4 shows the measured residual dispersion as a function of time as well as pointing of the telescope (elevation). Two sequences of data were collected for 10 minutes and 5 minutes, separated by 13 minutes. Each sequence of data was fitted with a line (green color for Elevation (degree) sequence 1 and magenta for sequence 2), and a global fit was also calculated for the whole experiment, shown by the black line. It is clear that the global fit overlaps well with the two individual sequence fits, indicating that there is a linear relationship between elevation angle and residual dispersion for short periods of time at least. During the 30 min window of data collection, we observed a relatively small increase in the residual dispersion as a function of decreasing elevation angle, which maybe due to over-or under-compensation of dispersion by the ADC. To determine the effect of large elevation angle changes on the residual dispersion, the experiment was repeated and is discussed next.
In this paragraph we present the estimation of dispersion due to the atmosphere and internal-optics from measured values of residual dispersion. The dispersion values are plotted as a vectors (see Fig. 5 ) in the focal plane of the internal NIR camera (i.e. in the camera's x−y coordinate system). The motivation for using vector representation is to present a visualization on dispersion due to atmosphere and its compensation by ADC. The SCExAO instrument operates in fixed telescope pupil mode so that imaging techniques such as angular differential imaging (Marois et al. 2006 ) can be utilized. Due to the fixed pupil mode, the elevation axis of the telescope is fixed in the camera plane and it is oriented at 39
• from the vertical direction. The data was collected on December 13 th , 2016 on the targets α Ari and 51 Eri with significant changes in the telescope elevation. Figure 5 shows dispersion as a function of telescope elevation for several configurations (encoded by different symbols), each symbol represents the magnitude and direction of dispersion vectors. The on-sky residual dispersion vectors are shown in cyan symbols, the dispersion compensation vectors produced by the Subaru ADC in red symbols and the estimated on-sky dispersion vectors in green symbols. The estimation of these dispersion vectors is explained later in this section. The magnitude of the ADC compensation vector increases with decreasing telescope elevation to account for the increase in the dispersion. The red-line fitting ADC dispersion vectors shows the direction of elevation axis in the internal NIR camera plane, which is indeed at 39
• from the y-axis. The values of the on-sky dispersion were estimated by subtracting the ADC dispersion a ADC from the residual dispersion r on−sky . As can be seen from Figure 5 the compensation of on-sky dispersion d on−sky by the ADC was not optimum: the residual dispersion (cyan) and on-sky dispersion (green) values at 85.43
• ( ) telescope should be ≈ 0. Also, the on-sky dispersion values have a constant offset, due to the presence of dispersion from the internal optics d internal .
The presence of dispersion due to internal optics is best estimated when the telescope is pointing at the zenith. The static component of the atmospheric dispersion becomes zero, while the dynamic dispersion due to atmospheric tip-tilt remains, as well as the constant contribution from the internal optics. The dynamic contribution can be averaged to estimate only the dispersion due to internal optics.
The calculation of dispersion due to internal optics can be estimated by fitting a line to the values of on-sky residual dispersion as a function of elevation and finding the value of residual dispersion at an elevation of 90
• . We estimated the dispersion due to internal optics to be 18.9 mas in the y-H band (elongation in the PSF). The estimated value of dispersion due to internal optics contains error terms due to varying atmospheric conditions and error in the measurement of residual dispersion at various telescope elevations. After the estimation of dispersion due to internal optics, it was subtracted from residual and on-sky dispersion values to give atmospheric and residual dispersion values (free from dispersion due to internal optics), which are shown in blue and magenta symbols respectively. The blue symbols show the estimated values of atmospheric dispersion (free from the component due to the internal optics), and it is clear that the data does not overlap with the red line used to fit the data points to the ADC compensation. This imperfect compensation creates the residual in magenta, which increases with decreasing telescope elevation. This is due to varying atmospheric conditions during the night of observation and its effect increases with decreasing telescope elevation.
The results from the Figure 5 show that the presence of instrumental dispersion can limit the final dispersion compensation and how varying atmospheric conditions can also have a large effect on the compensation. These aspects need to be taken into consideration when a high precision correction is required. With closed-loop correction of dispersion, ADC's role can be extend to correct both atmospheric (including effect of varying atmospheric parameters) and instrumental dispersion.
Effect of low-wind on the dispersion measurement
The goal of this section is to explore if the technique for the measurement of the dispersion will work in low Strehl ratio (SR) regime, i.e. in the presence of low order aberration (where the PSF core breaks). To this end, we present ADC-correction data from a SCExAO engineering night during which we observed breaking of the PSF core. While analysis of the cause of this effect is beyond the scope of this paper, we tentatively attribute it to the low-wind effect (LWE) already investigated by the SPHERE (Spectro Polarimetric High contrast Exoplanet REsearch) team (Sauvage et al. 2016) , as the natural seeing was good (0.5 ) and wind speed was low ( 1 m/s at the ground layer).
Here we show the impact of the LWE on the closedloop performance of the dispersion correction. The effect was observed on the target λ Peg on the SCExAO engineering night of July 15 th , 2016. For data collection and processing the same procedure was followed as explained in the subsection 4.1. The closed-loop test was performed with a loop gain of 50% and the result are shown in the Figure 6 . As can be seen from the figure, the loop had converged after 5 iterations and began to diverge around the 20 th iteration before it recovered by the 35 th iteration. The divergence of the loop is associated with the breaking up of the PSF due to the LWE, which in turn affects the residual dispersion measurement. The inset of Figure 6 shows a PSF with artificial speckles with and without the presence of the LWE, which deteriorated the PSF.
Strong low wind effect
Weak low wind effect Fig. 6 .-Closed-loop atmospheric dispersion correction in the presence of the LWE. In the presence of the LWE the PSF breaks up which effects the performance of the loop. We present here approximate SR values, because the SR becomes a poor metric of image quality when there is more than one core in the PSF. The images are displayed using a logarithmic scale.
DISCUSSION
There are numerous elements that contribute to the accuracy with which the residual dispersion can be measured and subsequently corrected for. Some terms limit the ability to measure the residual dispersion, while other dynamical terms limit the ability to correct the dispersion. Here we highlight some terms that should be considered for future implementations of this method. The presence of strong aberrations is one example of a limitation to the measurement accuracy. Telescope vibrations and the LWE blur out the speckles, making it difficult to precisely locate the PSF core and the radiation center at times. From these two locales the residual dispersion can be determined and hence if there are errors associated with finding them, this will effect the measurement accuracy of the residual dispersion.
Thus far we have only addressed the static component of the atmospheric dispersion, however, another important limitation to the measurement accuracy comes from the chromatic component of atmospheric tip-tilt, which results in a dynamic variation in the dispersion. Atmospheric dispersion creates a small tip-tilt in the science path assuming a perfect correction of tip-tilt in the wavefront sensing path. This can be measured by a coronagraphic low order wavefront sensors (LOWFS) and corrected by driving the DM. However the atmospheric dispersion within the science band is not addressed by the coronagraphic LOWFS.
The amplitude of dispersion due to atmospheric tiptilt can be estimated based on seeing measurements. Assuming a Kolmogorov profile for the turbulence, the atmospheric tip-tilt RMS amplitude is ≈ 93% of the total seeing. Since the median seeing for Maunakea is 0.66 arcsec RMS, the tip-tilt from atmospheric turbulence is 0.61 arcsec RMS. From a model of the refractive index of the atmosphere, the change in the refractivity of air is about 2% from the visible (500 nm) to the NIR (1500 nm), 0.077% across H-band (1.5 − 1.8 µm) and 0.043% across K-band (2.0 − 2.4 µm) alone (Ciddor 1996) . The amplitude of the resulting dynamic dispersion is given by the variation of refractivity across the science band multiplied by atmospheric tip-tilt at the sensing wavelength. On Maunakea, the H-band dynamic dispersion due to atmospheric tip-tilt will then be 0.61 × 0.00077 = 0.47 mas RMS, 0.26 mas in K-band and 3.14 mas in y-H band. As current ADCs are slow and not designed to correct for such fast variations, these are currently not addressed. However, by observing for much longer than the atmospheric coherence time (several seconds) this effect can be greatly reduced as the mean dispersion, which is the static component, can be well corrected as demonstrated in this paper. It is important to consider the cadence and exposure time of acquisition images used to measure the residual dispersion to ensure that the dynamic component does not affect the measurement of the atmospheric dispersion (static component).
For ELTs, the diffraction limited PSF will be ∼ 6-8 mas at 1 µm. As explained in Devaney et al. (2008) , a tip-tilt error of 1 mas RMS will reduce the Strehl ratio by a factor of 0.82. This limitation can be overcome by performing faster measurements and corrections, which are at present limited by the rotational speed of ADC prisms. An error budget study of the temporal variation of dispersion due to atmospheric tip-tilt needs to be carried out for future ADC designs to address the dynamic component of the dispersion.
The work presented in this paper was carried out at a demonstration level. Due to poor sensitivity of our internal NIR camera, all the targets observed were bright so that photon and readout noise was not a problem. This made the correction gain for closed-loop indepen-dent of stellar magnitude (limiting magnitude was not a problem). The measurement of dispersion is dependent on the brightness of the satellite speckles. The limiting stellar magnitude is set by the ExAO loop of SCExAO and AO loop of AO188, which are limited to magnitude 8 to 10 stars for wavefront sensing. In the case of faint targets a longer exposure could be used, but in such a case only the static part of the atmospheric dispersion could be measured. At present, the measurement algorithm relies on very broadband light (y to H-band), in order to improve the measurement accuracy. Since most high-contrast coronagraphic observations are performed over a single band at a time, the algorithm would need to be modified to work over this narrower bandwidth (see introduction for high-performance coronagraphy requirements). The impact of reducing the bandwidth (for example to just H-band) on the accuracy of dispersion measurement would need to be carefully investigated. However, if an IFS such as Coronagraphic High Angular Resolution Imaging Spectrograph (CHARIS)) (Groff et al. 2016 ) could be used, it would allow for very accurate extraction of the satellite speckles as a function of wavelength to enable precise measurement of residual dispersion. This would be one avenue to reduce the slow-varying (static) component of atmospheric dispersion even further.
SUMMARY
In this work, we present closed-loop correction of dispersion by a fine control of the ADC, as an offset to the look-up table based correction presently used. We have validated that this technique can be used to drive an ADC correction in a closed-loop on-sky. We observed that the residual dispersion does not change significantly as a function of time or elevation, therefore very small corrections at low cadence are sufficient to implement a high level of correction. This work addresses the issue of imperfect compensation by the ADC and dispersion resulting from internal optics.
The methods employed in this work can also be used as a diagnostic tool to measure the dispersion due to internal optics in the final science path image and test/calibrate the look-up table based correction of ADCs. In closed-loop, we managed to achieve < 1 mas of elongation in the PSF across H-band. In the era of ELTs, this level of correction will be required for highperformance coronagraphy to image terrestrial exoplanets.
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